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Abstract 

NH2 implantation was performed on multiwalled carbon nanotubes (MWCNTs) prepared by cliemical vapor 
deposition. Tlie liemocompatibility of MWCNTs and NHj-implanted MWCNTs was evaluated based on in vitro 
hemolysis, platelet adhesion, and kinetic-clotting tests. Compared with MWCNTs, NHj-implanted MWCNTs displayed 
more perfect platelets and red blood cells in morphology, lower platelet adhesion rate, lower hemolytic rate, and 
longer kinetic blood-clotting time. NHj-implanted MWCNTs with higher fluency of 1x10^^ ions/cm^ led to the 
best thromboresistance, hence desired hemocompatibility. Fourier transfer infrared and X-ray photoelectron 
spectroscopy analyses showed that NH2 implantation caused the cleavage of some pendants and the formation of 
some new N-containing functional groups. These results were responsible for the enhanced hemocompatibility of 
NH^implanted MWCNTs. 
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Background 

Antithrombogenic biomaterial is being extensively stud- 
ied in order to fabricate artificial organs and biomedical 
materials in contact with blood. A significant goal for 
the application of antithrombogenic biomaterial is to pre- 
vent thrombus formation on material surface. Thrombus 
formation involves a process with multiple steps, includ- 
ing plasma protein adsorption, platelet adhesion and ag- 
gregation, and finally, the activation of clotting factor. The 
properties of the surface such as hydrophobicity/hydro- 
philicity, surface charge, and roughness of biomaterials 
strongly influence platelet adhesion, activation, and 
thrombus formation when the surface is in contact with 
blood [1]. 

The unusual mechanical properties of carbon nanotubes 
(CNTs) such as high hardness, low coefficient of friction, 
and high wear and corrosion resistance render them an 
ideal class of reinforcement for multiple biomedical appli- 
cations including tissue engineering, biomedicine, bioma- 
terials, (bio) sensors, catalysts, and so on [2-12]. However, 
the hydrophobicity and inertness of CNTs frequently 
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hinder their biomedical application. So, surface modifica- 
tion of CNTs is very important to minimize the adverse 
interaction and improve the biocompatibility in clinical 
applications. 

According to previous works, many results on surface 
modification of polymers induced by pure individual 
chemical element ion implantation to control their bio- 
compatibility have been reported [13-22]. Ion implant- 
ation is one of the most powerful techniques for the 
surface modification of solids. It has been applied to the 
surface modification of polymers in order to control 
conductive, mechanical, physical, and chemical proper- 
ties [23-27]. This technique has many advantages in 
application. In addition to the technological simplicity 
and cleanliness, it modifies only the surface characteris- 
tics without affecting the bulk properties. Therefore, if a 
biomaterial with the desired bulk properties does not 
exhibit the appropriate biocompatibflity, its surface can 
be modified by this technique [28] . 

In this work, multiwalled carbon nanotubes (MWCNTs) 
prepared by chemical vapor deposition (CVD) were im- 
planted by NH2 ions. We chose NH2 as the implanted 
ions for the reason that the -NH2 and -NH amidogen ra- 
dicals as two functional groups commonly in organic mo- 
lecules are vital to the activities of living tissues; it is 
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natural to consider grafting amidogen radicals to the sur- 
face of MWCNTs to activate the surface and further im- 
prove their biocompatibility. So, NHj-implanted 
MWCNTs (NH2/MWCNTS) are supposed to be excel- 
lent candidates for applications as biocompatible materials 
in biomedical implants. So far, however, few reports that 
NH2 implantation is used to improve biocompatibility, es- 
pecially hemocompatibility of MWCNTs, can be found. 
Our purpose, in this work, is to introduce N-containing 
functional groups to the surface of MWCNTs by NHJ im- 
plantation and insight into the influence of implanted flu- 
ency on its hemocompatibility. 

Methods 

Preparation and characterization of MWCNTs and 
NH2/MWCNTS 

The syntheses of MWCNTs were carried out utilizing a 
CVD system at 800°C to 850°C with argon and ethylene 
gas flowing rates of 250 and 100 seem, respectively. Then, 
MWCNTs were dissolved in deionized water with ultra- 
sonic dispersion for 5 min. After centriftigation of 10 min 
at the speed of 1,000 rpm in a tabletop microcentrifuge, 
the upper supernatant-containing MWCNTs were directly 
sprayed onto the Si02 substrates using airbrush pistol at 
100°C to prepare pristine MWCNT samples. 

The implantation was carried out using a BNU-400 keV 
implanter (Beijing Normal University, Beijing, China). The 
NH2 generated from gaseous NH3 was identifled by mass 
spectrometry. The collected NHj was then accelerated in a 
high voltage onto the MWCNT samples. During implant- 
ation, the NH2 energy was 30 keV, the beam current density 
was controlled under 4 (lA/cm^. The fluencies of 5.0 x 10^^ 
and 1.0 X 10^^ ions/cm^ were chosen for a comparison. 

The chemical composition of the samples was deter- 
mined by Fourier transform infrared spectroscopy (FTIR, 
MAGNA-560, Nicolit, USA). X ray photoelectron spec- 
troscopy (XPS, PHI5000, ULVAC-PHI, Inc., Chigasaki City, 
Japan) was employed to determine the chemical bonding 
states and content bonds. Analysis was performed using a 
versa probe system. Contact angle measurements were 
performed on the samples' surface using a CAM 200 
optical contact-angle inclinometer (Nunc, Finland). The 
results were the mean of ten measurements taken on dif- 
ferent regions of the surface. To avoid cross-contamination 
of liquids, a dedicated microsyringe was used for each 
liquid. The morphology of the samples was examined with 
a field emission scanning electron microscope (FESEM, 
18SI, FEI, Czech Republic) operated at 10 kV and transmis- 
sion electron microscopy (TEM, G^F20, FEI, USA). 

Platelet adhesion test 

The in vitro hemocompatibility of the samples was eval- 
uated by the platelet adhesion test. The platelet-rich 



plasma (PRP) was prepared by centrifuging rabbit whole 
blood which contained 2 wt.% potassium oxalate solu- 
tion (bloodipotassium oxalate = 9:1) at 1,000 rpm for 15 
min. Methylsilicone oil has exceUent anticoagulant activ- 
ity, but quartz causes coagulation, so we chose quartz 
glasses with and without methylsilicone oil as reference 
groups. The samples as weU as reference groups were 
placed in 24-well microplates; then, 0.7 ml PRP was 
injected into each weU and incubated at 37°C for 30 
min, the weakly adhered platelets were rinsed by phos- 
phate buffer solution. The platelet adhesion rate of a 
material can be calculated as follows: Platelet adhesion 
rate (%) = ^ x 100%, where A is the total number of 
platelets, and B is the number of platelets remaining in 
the blood after the platelet adhesion test. 

Hemolysis test 

Hemolysis can determine the volume of hemoglobin re- 
leased from red blood cells (RBCs) adhered on the sur- 
faces of the samples. Anticoagulated blood was prepared 
from 20 ml healthy rabbit blood plus 1 ml 2 wt.% potas- 
sium oxalate. Anticoagulated blood solution was obtained 
using anticoagulated blood mixed with normal saline (NS) 
at 1:1 volume ratio. MWCNT and NH2/MWCNT samples 
were placed in each Erlenmeyer flask with 5 ml normal sa- 
line. The same numbers of Erlenmeyer flasks with either 5 
ml NS or distilled water were used as negative and posi- 
tive control groups, respectively. After heating in water 
bath at ±37°C for 30 min, 0.7 ml anticoagulated blood so- 
lution was injected into the flasks of each group, then 
shaken and heated at ±37°C for 60 min. The supernatant 
was removed after centrifugation for 15 min at 1,000 rpm. 
The optical density (OD) at 545 nm was measured with a 
spectrophotometer. OD545nm values were related to the 
concentration of free hemoglobin in supernatant due to 
broken red blood cells. The hemolytic rate is calculated by 
the formula: Hemolytic rate (%) = x 100%, where A, 
B, and C are the absorbance values of the samples, nega- 
tive control group (physiological salt water), and positive 
control group (H2O). 

Kinetic blood-clotting time assay 

Kinetic blood-clotting time was tested by the kinetic 
method. Blood (0.2 ml) from a healthy adult rabbit was 
immediately dropped onto the surface of all samples. 
After 5 min, the samples were transferred into a beaker 
which contained 50 ml of distilled water. The red blood 
cells which had not been trapped in a thrombus were 
hemolytic, and the free hemoglobin was dispersed in the 
solution. The concentration of free hemoglobin in the 
solution was colorimetrically measured at 540 nm with a 
spectrophotometer. The optical density at 540 nm of the 
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solution vs. time was plotted. In general, the OD540 nm 
value decreases with the blood-clotting time. 

Results and discussion 

SEM and TEM images of MWCNTs and NH2/MWCNTS 
are shown in Figure 1. It is obvious that frizzy MWCNTs 
entangle together with long tubes and closed pipe ports 
(Figure la,d)- In contrast, NH2/MWCNTS in the forma- 
tion of small bundles on the surface are broken, and 
most of the pipe ports are open (Figure lb,c,e,f). 
According to the previous study [29], we believe that 
the implanted MWCNTs form active centers on the 
surface, which may increase the catalytic activity of the 
blood components. 

To investigate the enhancement mechanism, the calcu- 
lated results of the surface tension between the samples 
and water are shown in the insets of Figure 1. These con- 
tact angle values provide an objective explanation on the 
wettability of the samples which is relative to the adhesion 
behavior of the platelets. It is clear that the contact angle 
of water and surface tension of NH2/MWCNTS are rela- 
tively low, indicating that NHJ implantation induces an 
increase in the hydrophilicity of MWCNTs. 

In order to analyze the changes of the functional 
groups caused by the NHJ implantation, FTIR analysis is 
peformed. Figure 2a shows the transmission spectra of 
the pristine MWCNTs and NH2/MWCNTS with flu- 
encies of 5 X 10^^ and 1 x 10^^ ions/cm^. Among many 
peaks, the peak at 1,200.11 cm"^ corresponds to C-C 
stretching vibration, while the peak at 836.69 cm"^ cor- 
responds to C-O stretching vibration. NH2 implantation 



produces new peaks at 1,319.56 cm"^ corresponding 
to C-NO stretching vibration and at C=N stretching 
vibration at 1,601.69 cm"^. This result proves the 
decomposition of some chemical bonds and formation 
of new N-containing functional groups. 

High-resolution Cls peaks of the samples presented in 
Figure 2b,c,d show more detailed chemical modification 
after NHj implantation. Compared with the correspond- 
ing peak obtained from the pristine sample, the high- 
resolution Cls peak of NH2/MWCNTS appears as a new 
C=N bond, and meanwhile, the C-C bond declines, indi- 
cating that some pristine C-C bonds are broken by ion 
implantation to reconstruct new bonds with N. What is 
more, the spectrum of the implanted sample with flu- 
ency of 1 X 10^^ ions/cm^ displays higher intensity of 
C=N bond at 285.5 eV as compared with the spectrum 
of the implanted sample with 5 x 10^^ ions/cm^, which 
proves that higher content of N element can be obtained 
with the higher implanted fluency. 

Platelet adhesion test is one of the simple and prelimin- 
ary approaches to evaluate the hemocompatibility of bio- 
materials. Good surface antithrombogenicity is indicated 
by a small quantity of the platelets adhered on the surface, 
less activation, and morphological change. Figure 3a gives 
the platelet adhesion rates of different materials including 
the blank and the negative and positive control groups. It 
is clear that pristine MWCNTs and NH2/MWCNTS have 
lower platelet adhesion rate than the positive control 
group, interestingly that NH2/MWCNTS with 1 x 10^^ 
ions/cm^ reveal the lowest platelet adhesion rate among 
all groups. The platelets which adhered on pristine 
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MWCNTs and NH2/MWCNTS are observed by SEM 
(Figure 3b,c,d). Some fibrin network containing randomly 
distributed platelets can be seen on the surface of pristine 
MWCNTs. At the same time, the serious deformation of 
RBCs occurs (Figure 3b). Conversely, there are few fibrin 
networks or platelet aggregations on NH2/MWCNTS after 
exposure to platelet-rich plasma, as shown in Figure 3c,d, 
indicating insignificant thrombosis on both surfaces. 
Platelet adhesion and activation are the inevitable results 
of the interaction between blood and materials. It also can 
be seen that the morphology of RBCs on NH2/MWCNTS 
is perfect round. This result suggests that NH2/MWCNTS 
have no evident toxic effects on the red blood cells, which 
support superior hemocompatibility of NH2/MWCNTS. 
The hydrophilic surface induced by N-containing functional 
groups should be a main reason for inhibiting RBCs adhesion 
and deformation on the surface. This observation is consist- 
ent with the trend observed in the hemolytic rate test. 

Hemolysis is the loss of membrane integrity of RBCs 
leading to the leakage of hemoglobin into blood plasma 
[30]. It is one of the basic tests to understand the inter- 
action of nanoparticles with RBCs. Nanoparticles might 
affect the membrane integrity of RBCs by mechanical dam- 
age or reactive oxygen species [31]. In addition, the 
hemolytic rate of nanoparticles can also be affected by their 



size, shape, surface charge, and chemical composition [32]. 
Figure 4a shows that, compared to pristine MWCNTs in 
which hemolytic rate is about 1.88%, NH2/MWCNTS dis- 
play lower hemolytic rate, especially NH2/MWCNTS with 
fluency of 1 x 10^^ ions/cm^. 

The OD is used to evaluate the level of hemolyzed 
hemoglobin released from unclotted blood after 
contacting with the samples' surface. Higher OD fllus- 
trates better thromboresistance. Figure 4b shows the OD 
of aU samples at different blood-clotting times. Generally 
speaking, the blood starts to clot at 0.1 point of OD540nm 
value at which the starting point of the kinetic blood- 
clotting time on the sample surfaces is recoded. It is 
clear that the kinetic blood time of all samples is longer 
than 50 min, revealing good hemocompatibility. The 
higher the OD is, the better thromboresistance. The OD 
of NH2/MWCNTS with 1 X 10^^ ions/cm^ is a little bit 
higher than that of the other samples. Therefore, 
higher fluency of NHj implantation is related to better 
thromboresistance. 



Conclusions 

Although MWCNTs has been widely investigated for 
diverse biomedical applications ranging from imaging 
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and drug delivery to photothermal cancer ablation, strong 
thrombogenecity associated with this material as well as 
its propensities to induce hemolysis can potentially 
prohibit its applications. This work proves that NH2/ 
MWCNTs are not endowed with any prothrombotic or 



platelet- stimulating characteristics nor do these com- 
promise the integrity of the RBCs. In view of its significant 
properties, NH2/MWCNTS are expected MWCNTs de- 
rivative with potential for biomedical applications due to 
their lack of thrombotic and hemolytic predisposition. 
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Figure 4 Hemolytic rates and optical density values of MWCNTs and NH2/MWCNTS. (a) Hemolytic rates of pristine MWCNTs and NH2/ 
MWCNTs. (b) The OD540 nm values of MWCNTs and NH2/MWCNTS vs. blood-clotting time. 
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